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Exposure to residential volatile organic compounds (VOCs) is ubiquitous in homes, and may inﬂuence
respiratory health with important public health implications. To investigate the association between
VOCs measured in residential indoor air and lung function in the Canadian population Cycle 2 of the
Canadian Health Measures Survey e a population based cross-sectional survey designed to be repre-
sentative of the Canadian population e was carried out between 2009 and 2011. Of the 84 VOCs
measured, 47 were detectable in at least 50% of homes and ten were negatively associated with lung
function: decanal, 2-furancarboxaldehyde, hexanal, nonanal, octanal, benzene, styrene, a-pinene, 2-
methyl-1,2-butadiene and naphthalene. Differences were observed between males and females, as well
as by age, and signiﬁcant associations were most frequent in those under 17 years. These results provide
evidence that some VOCs measured indoors are negatively associated with lung function in the Canadian
population.
Crown Copyright © 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Volatile organic compounds (VOCs) are a large and diverse class
of compounds that are ubiquitous in residential indoor air. In many
homes, they are emitted primarily from indoor sources such as
building materials and ﬁnishes, including paints and ﬂoor cover-
ings, and from consumer products such as cleaning products, fra-
grances and air fresheners (Brown, 1999). In some homes,
inﬁltration from outdoor air or from sources in attached garages
can also substantially contribute to indoor VOC levels (BattermanFEVl, 1-second forced expira-
FEV1/FVC ratio.
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ier Ltd. This is an open access articleet al., 2007). Since people in developed countries spend approxi-
mately 90% of their time indoors, and VOC concentrations
measured indoors typically exceed those outdoors (Billionnet et al.,
2011), it is important to understand the potential health implica-
tions of indoor exposure to VOCs (Klepeis et al., 2001).
While the health effects of VOCswill vary from one VOC to another
and with exposure level, a small but growing body of evidence is
demonstratingassociationsbetween indoorairexposure tomanyVOCs
and respiratory endpoints including asthma (Arif and Shah, 2007),
atopy (Pappas et al., 2000) and lung function (Martins et al., 2012).
Some epidemiological studies have suggested adverse respira-
tory effects of VOCs in humans upon exposures to sources such as
plastics, paints and aerosol cleaning solutions, where the individual
VOCs are not necessarily measured or directly quantiﬁed (for
example, see (Jaakkola et al., 2000, 1999; Zock et al., 2007)). These
studies provide suggestive evidence implicating VOC sources to
health effects, but cannot be used to draw conclusions regardingunder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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studies have demonstrated associations between measured indoor
VOC levels and the frequency and severity of respiratory illness
(Arif and Shah, 2007; Billionnet et al., 2011; Diez et al., 2000;
Rumchev et al., 2004; Smedje et al., 1997). Some studies, howev-
er, have found associations between indoor VOC levels and some
respiratory endpoints but not others (Norb€ack et al., 1995), and
some have failed to show any associations with respiratory symp-
toms and/or asthma (Tavernier et al., 2006; Venn et al., 2003;
Weichenthal et al., 2007). Nevertheless, studies on the respiratory
health effects of VOCs remain scarce (Hulin et al., 2012).
In 2007, Statistics Canada implemented the Canadian Health
Measures Survey (CHMS), in order to obtain information on the
health of Canadians; this is an ongoing effort that involves col-
lecting information on environmental exposures and health out-
comes using both questionnaires/interviews and direct physical
measurements of health (Statistics Canada, 2014). Cycle 2 of this
population-based survey (hereafter referred to as CHMS-2) was
carried out between 2009 and 2011 (Patry-Parisien et al., 2013), and
included measurements of VOCs in residential indoor air. Designed
to be representative of the Canadian population, CHMS-2 obtained
baseline data for 84 VOCs in residential indoor air in Canada,
including some that had not previously been measured indoors,
and collected direct physiological measurements of participants'
health. In the present study we investigate the association between
objective measures of both respiratory function and indoor VOC
concentrations.2. Methods
2.1. Population sampling
Between August 2009 and November 2011, a cross sectional
survey, CHMS-2was carried out by Statistics Canada (Patry-Parisien
et al., 2013). CHMS-2 surveyed people between the ages of three
and seventy nine years old, excluding those living in institutions,
remote areas of the country, and members of the armed forces.
Eleven age-gender groups were created, each containing between
500 and 600 households.
For the purpose of selecting locations for physiological and
biological measurements that were within 50e100 km of the
participating households, 257 potential sites for a mobile clinic
laboratory were identiﬁed in ﬁve regions of Canada. Eighteen sites
were selected based on probability sampling considering popula-
tion size, as follows: two from the Atlantic and three from the
prairie regions, four from Quebec, six from Ontario, and three from
British Columbia. The 2006 Canadian census was used to identify
dwellings and the age and gender of occupants. During a visit to the
home, a member of the research team obtained consent, updated
the household member list, randomly selected one or two partici-
pants, and administered a questionnaire concerning socio-
demographics and the health of the participant. At a later date
the participant attended the mobile clinical laboratory for the
required physical measurements (measurements of lung function,
relevant to this study, are described below). The following day, the
participant placed a VOC sampler in their home, which was mailed
back to the laboratory for analysis following a 7-day sampling
period. Since smoking produces VOCs and may impair lung func-
tion, only lifetime non-smokers, living in homes with no environ-
mental tobacco smoke (i.e., second-hand smoke) were included in
the analysis. Ethics approval was obtained from Health Canada and
the Public Health Agency of Canada Research Ethics Boards. For
those participants younger than 14 years, parental consent and the
child's assent were obtained.2.2. Indoor air VOC measurements
The 84 VOCs were selected to meet a need for nationally
representative data for compounds under assessment by the Ca-
nadian government (Zhu et al., 2013). VOCs were measured indoors
for 7 days with passive sampling by thermal desorption. In brief,
one stainless steel passive sampling tube containing Carbopack B
60/80 (Part No. N9307002, Perkin Elmer, Inc., Shelton, CT, USA) was
provided each participant. The participants were asked to change
the analytical cap to a mesh-screen diffusion cap upon returning
home and to deploy the tube in their living room or family room for
seven consecutive days. At the end of the exposure period, the
diffusion cap was changed back to the analytical cap for sealing and
the tube was placed in a sealed aluminum container and shipped
back to the testing lab in a postage-paid envelope. Once returned to
the lab, samplers were veriﬁed to ensure that the tubewas correctly
placed in the aluminum container, the exposure time was properly
recorded and the ID barcode was properly afﬁxed to the canister
(Patry-Parisien et al., 2013).
Samples were analyzed for 84 VOCs within 72 h of their arrival
in the lab using a thermal desorber unit (Model: ATD650, Perki-
nElmer) and a gas chromatograph/mass spectrometer (GC/MS)
system (Agilent 7890A GC coupled with Agilent 5975C MS, Agilent
Inc., Santa Clara, CA, USA). For each batch of samples, one laboratory
blank tubewas analyzed. The amount (ng) of each VOCmeasured in
the samples was subtracted by the amount in the corresponding
blank tube. The methodology for measurement and collection of
VOCs including information on quality assurance procedures is
described in greater detail by Patry-Parisien et al. (2013).
2.3. Lung function
Measurements of lung function were obtained as previously
described (Dales et al., 2013). Participants between 6 and 79 years
old underwent spirometry (KoKo Spirometer TM Ferraris Cardio-
Respiratory, Pulmonary Data Services, Inc. Louisville, CO 80027
USA) to measure the 1-s forced expiratory volume (FEV1) and the
forced vital capacity (FVC). Measurements were taken by trained
personnel and interpreted by comparing measurements to the
values expected for an individual (percent predicted) with similar
characteristics such as age, height, and gender (Hankinson and
Gardner, 1988; Miller et al., 2005). Results were adjusted for tem-
perature, humidity and barometric pressure measured on the day
of the test at each of the study sites.
2.4. Statistical analysis
Statistical analyses were carried out as previously described
(Cakmak et al., 2011), using generalized linear mixed models to test
the association between VOC exposure and spirometry. VOC mea-
surements were log transformed to normalize the data. Measure-
ments of lung functionwere calculated as a percentage of predicted
value based on age, height, and gender. In order to be able to
interpret the effect of different exposures across the study popu-
lation, results were expressed as the percentage change in lung
function parameter for an increase in the VOC concentration
measured in indoor air equivalent to its interquartile range (IQR),
that is, a change in the concentration from the 25th to the 75th
percentile of a given VOC. This was calculated as y ¼ a þ b$log (IQR
range of x), where y is lung function (FEV1, FVC, or FEV1/FVC) and x
is the VOC concentration measured in indoor air.
The association between VOCs and respiratory health indicators
was tested using univariate analysis, stratiﬁcation, and stepwise
regression, as follows. VOCs with signiﬁcant associations (p < 0.05)
with changes in lung function were identiﬁed on the whole
Table 1
Socio-demographic characteristics and lung function (mean and SD, standard de-
viation) in the study population.
Socio-demographic characteristics (n ¼ 3039a) Mean (SD)
Age (year) 39.3 (20.6)
Gender (% male) 46
Ethnicity (% Caucasian) 86
Highest household education (% greater than high school) 76
Total household income ($) 78,350 (60,280)
Lung function Mean (SD)
FEV1 (% predicted) 97.09 (13.91)
FVC (% predicted) 99.22 (13.05)
FEV1/FVC (% predicted) 97.74 (7.89)
a Non-smokers only, smokers were excluded in the data analysis.
Table 2
Indoor concentrations, reported as the geometric mean and 95% conﬁdence interval,
and interquartile range (IQR) of the ten VOCs that had statistically signiﬁcant as-
sociations with measured lung function parameters.
Group VOC Mean (mg/m3, 95% CI) IQR (mg/m3)
Aldehydes Decanal 0.83 (0.73, 0.93) 1.53
2-Furancarboxaldehyde 1.82 (1.74, 1.9) 2.12
Hexanal 11.55 (11.45, 11.66) 21.01
Nonanal 2.24 (2.15, 2.33) 3.18
Octanal 1.29 (1.18, 1.4) 1.63
Alkyl Benzenes Benzene 1.06 (0.97, 1.15) 1.31
Styrene 0.74 (0.66, 0.82) 0.82
Terpenes a-Pinene 6.19 (6.09, 6.3) 11.19
Miscellaneous 2-Methyl-1,3-butadiene 3 (2.92, 3.09) 3.61
Naphthalene 0.89 (0.79, 1) 0.89
S. Cakmak et al. / Environmental Pollution 194 (2014) 145e151 147population. Subjects were then stratiﬁed by gender and age (chil-
dren, the elderly, and adults dichotomized at the median age of 38,
to create four age groups: under 16 years, 17e37 years, 38e64
years, and above 65 years). Ethnicity (Caucasian versus other), ed-
ucation and income, and air pollutants (NO2, O3, PM2.5, at the
mobile clinic laboratory when spirometry was undertaken) were
considered for inclusion in the ﬁnal models. If TheWald Chi-Square
statistic p-value was less than 0.10 for a main effect or interaction
product, it was retained. A random effects model accounted for the
inﬂuence of the testing site on lung function measurements. Vari-
ables were retained in the ﬁnal model if they were signiﬁcant at
p < 0.05 or if they changed the exposure-outcome relationship by at
least 10%. The ﬁnal model included age, gender, income, and edu-
cation. These were selected on the whole sample and used in the
subset analysis.
Associations between VOC concentration and lung function
parameters were considered signiﬁcant if the 95% conﬁdence in-
tervals did not span zero.Table 3
Percent change in lung function (and 95% CI) associated with an interquartile range chan
Group VOC FEV1
Aldehydes Decanal ¡2.46 (¡4.06, ¡
2-Furancarboxaldehyde ¡2.79 (¡4.65, ¡
Hexanal ¡2.83 (¡5.04, ¡
Nonanal ¡3.86 (¡6.57, ¡
Octanal ¡1.95 (¡3.62, ¡
Alkyl Benzenes Benzene 1.02 (2.21, 0
Styrene 1.08 (2.21, 0
Terpenes a-Pinene ¡1.21 (¡2.34, ¡
Miscellaneous 2-Methyl-1,3-butadiene 4.76 (9.85, 0
Naphthalene ¡0.76 (¡1.11, ¡All data management and regression modeling were completed
in SAS, v9.1 (Cary, NC, USA).3. Results
8520 people were identiﬁed for participation in this study, 6465
consented to participate, 4722 attended the mobile laboratory,
4686 samplers were distributed and 4581 were returned. Damaged
samplers or those with unknown exposure durations, or exposure
durations of less than four or more than ten days, were excluded.
This resulted in 3857 participants that were eligible for analysis.
Of the 84 VOCs measured, 37 were excluded from further
analysis because their concentrations were below the limits of
detection in at least 50% of samples. Spirometry and VOC results
were available for 3572 participants. A total of 358 smokers and 46
non-smokers who were exposed to passive (i.e. second-hand)
smoke were excluded. A further 129 were excluded because of
missing values for age, gender, education or income. The number of
participants included in the ﬁnal analysis totaled 3039.
The average age of participants was 39 years old (median age
38) and the majority were Caucasian with a greater than high
school level of education (Table 1). Measurements of lung function
(Table 2), expressed as FEV1, FVC and FEV1/FVC, werewithin normal
limits (Pellegrino et al., 2005).
The concentrations of 47 VOCs above the limits of detection in at
least 50% of homes are described in detail by Zhu et al. (2013). Of
these, ten VOCs were found to have statistically signiﬁcant associ-
ations with spirometry measurements. These include decanal, 2-
furancarboxaldehyde, hexanal, nonanal, octanal, benzene, styrene,
a-pinene, 2-methyl-1,2-butadiene and naphthalene. The geometric
means of these ten VOCs ranged from 0.83 mg/m3 for decanal to
11.5 mg/m3 for hexanal (Table 2).3.1. Associations with lung function
In all cases, the associations between an IQR increase in
measured indoor VOC concentrations (Table 2) and lung function
were negative. For the overall study population, FEV1 tended to be
more affected than FVC, resulting in a lower FEV1/FVC ratio
(Table 3). The greatest magnitude of effect was a 4.8% decrease in
FEV1 for an IQR increase in 2-methyl-1,3-butadiene (i.e., isoprene);
however, this change was not signiﬁcant since the 95% conﬁdence
intervals spanned zero. The greatest signiﬁcant magnitudes of ef-
fect were observed for VOCs classiﬁed as aldehydes, with 2.8%
decreases in FEV1 associated with IQR increases in 2-
furancarboxaldehyde and hexanal, a 3.86% (95% CI 6.57e1.15)
decrease in FEV1 and a 3.21 (95% CI 5.69e0.72) decrease in FVC
associated with nonanal. Smaller but signiﬁcant negative effects
were seen with a-pinene and naphthalene. Decreases in FEV1/FVCge in VOC concentrations. Signiﬁcant differences are indicated in bold.
FVC FEV1/FVC
0.87) 1.43 (2.88, 0.02) 0.82 (1.72, 0.09)
0.93) 0.52 (2.38, 1.33) ¡2.41 (¡3.45, ¡1.37)
0.61) 1.21 (3.47, 1.04) ¡1.27 (¡2.51, ¡0.03)
1.15) ¡3.21 (¡5.69, ¡0.72) 0.89 (3.13, 1.36)
0.27) ¡1.95 (¡3.43, ¡0.46) 0.03 (0.97, 0.91)
.17) 0.43 (1.53, 0.66) ¡0.98 (¡1.76, ¡0.20)
.05) 0.3 (1.25, 0.65) ¡0.82 (¡1.61, ¡0.03)
0.08) 3.32 (13.45, 6.8) 2.97 (6.36, 0.41)
.33) 1.43 (6.14, 3.27) ¡2.53 (¡4.37, ¡0.68)
0.41) ¡0.78 (¡1.15, ¡0.4) ¡0.03 (¡0.06, ¡0.01)
Table 4
Percent change in lung function (and 95% CI) in males associated with an interquartile range change in VOC concentrations. Signiﬁcant differences are indicated in bold.
Group VOC FEV1 FVC FEV1/FVC
Aldehydes Decanal ¡2.95 (¡5.64, ¡0.25) 2.23 (4.61, 0.14) 0.94 (2.41, 0.52)
2-Furancarboxaldehyde 1.76 (4.51, 0.98) 0.26 (1.33, 1.86) ¡2.68 (¡4.28, ¡1.08)
Hexanal 5.51 (14.06, 3.03) 5.18 (13.09, 2.38) 2.3 (5.22, 0.48)
Nonanal ¡7.38 (¡13.44, ¡1.32) ¡5.95 (¡11.24, ¡0.65) 0.95 (3.28, 1.38)
Octanal 2.3 (4.71, 0.11) ¡2.3 (¡4.4, ¡0.2) 0.08 (1.52, 1.35)
Alkyl Benzenes Benzene 1.25 (2.6, 0.1) 0.23 (1.12, 0.67) ¡1.75 (¡2.71, ¡0.79)
Styrene 1.14 (2.72, 0.44) 0.22 (1.62, 1.19) ¡0.89 (¡1.61, ¡0.17)
Terpenes a-Pinene ¡2.05 (¡3.8, ¡0.3) 1.54 (3.11, 0.36) 0.57 (1.66, 0.51)
Miscellaneous 2-Methyl-1,3-butadiene 5.5 (14.6, 3.62) 0.51 (7.72, 8.74) ¡6.47 (¡11.77, ¡1.16)
Naphthalene 0.6 (1.8, 0.7) 0.1 (0.21, 0.01) 0.33 (0.33, 0.98)
Table 5
Percent change in lung function (and 95% CI) in females associated with an interquartile range change in VOC concentrations. Signiﬁcant differences are indicated in bold.
Group VOC FEV1 FVC FEV1/FVC
Aldehydes Decanal ¡2.76 (¡4.83, ¡0.69) 1.48 (3.41, 0.44) 0.98 (2.14, 0.19)
2-Furancarboxaldehyde ¡3.62 (¡6, ¡1.24) 1.26 (3.48, 0.96) ¡2.49 (¡3.82, ¡1.16)
Hexanal ¡0.92 (¡3.97, ¡0.29) 0.68 (2.07, 0.68) ¡1.5 (¡2.4, ¡0.51)
Nonanal 3.69 (7.4, 0.03) 2.87 (6.3, 0.56) 0.75 (3.58, 2.07)
Octanal 1.82 (4.02, 0.37) 1.85 (3.88, 0.19) 0.03 (1.22, 1.27)
Alkyl Benzenes Benzene 0.56 (2.28, 1.16) 0.94 (2.53, 0.66) 0.01 (0.55, 0.57)
Styrene 1.13 (2.49, 0.22) 0.37 (1.57, 0.83) 0.77 (1.52, 0.83)
Terpenes a-Pinene 0.75 (2.11, 0.6) 0.61 (1.85, 0.63) ¡0.46 (¡0.9, ¡0.02)
Miscellaneous 2-Methyl-1,3-butadiene 3.93 (8.08, 0.21) 2.95 (8.53, 2.64) ¡3.07 (¡5.48, ¡0.65)
Naphthalene ¡0.7 (¡1.1, ¡0.2) ¡0.95 (¡1.83, ¡0.07) ¡0.5 (¡0.8, ¡0.2)
S. Cakmak et al. / Environmental Pollution 194 (2014) 145e151148were associated with IQR increases in 2-furancarboxaldehyde,
hexanal, 2-methyl-1,3-butadiene and naphthalene. Note that when
the datawere re-analyzed to include smokers and was not adjusted
for smoking, we found a reduction in FEV1 of 1.38% (95% CI 0.2, 2.6)
for an IQR increase in benzene, an association that was not seen
when smokers were excluded.
Among males, seven VOCs (decanal, 2-furancarboxaldehyde,
nonanal, octanal, a-pinene, 2-methyl-1,2-butadiene and naphtha-
lene) were negatively and signiﬁcantly associated with at least one
measure of lung function (Table 4). An IQR increase in the indoor
concentration of nonanal was associated with a 7.4% (95% CI
13.4e1.3) decrease in FEV1 and a 5.9% (95% CI 0.6e11.2) decrease in
FVC. An IQR change in 2-methyl-1,3-butadiene was associated with
a 6% (95% CI 1.1e11.7) reduction in FEV1/FVC, and reductions of
approximately 2% in FEV1 for IQR changes in decanal and a-pinene.
Six of the ten VOCs were signiﬁcantly associated with decre-
ments in lung function in females (Table 5). IQR increases in dec-
anal and 2-furancarboxaldehyde were associated with 2.7% (95% CI
0.69e4.83) and 3.6% (95% CI 1.2e6) decreases in FEV1 respectively.
The FEV1/FVC ratio decreased by 3% (95% CI 0.6e5.4) for an IQR
increase in the indoor concentration of 2-methyl-1,3-butadiene,
with smaller measured decreases in lung function associated with
hexanal, a-pinene, and naphthalene.Table 6
Percent change in lung function (and 95% CI) in people below 17 years of age associated w
indicated in bold. n ¼ 709.
Group VOC FEV1
Aldehydes Decanal ¡3.9 (¡7.62, ¡
2-Furancarboxaldehyde ¡5.09 (¡9.24, ¡
Hexanal ¡3.32 (¡5.84, ¡
Nonanal ¡9.03 (¡15.44, ¡
Octanal ¡3.83 (¡7.53, ¡
Alkyl Benzenes Benzene 1.23 (3.55, 1.0
Styrene 1.9 (3.97, 0.1
Terpenes a-Pinene ¡2.22 (¡3.69, ¡
Miscellaneous 2-Methyl-1,3-butadiene 4.42 (9.77, 0.9
Naphthalene 1.26 (2.51, 0)Compared to the effect of gender, there was a greater effect of
age. Among children under 17 years old, signiﬁcant associations
with lung function decreases were observed for all VOCs with the
exception of naphthalene (Table 6). The greatest effect was a 9.01%
(95% CI 15.44e2.62) decrease in FEV1, associated with an IQR
change in the indoor air concentration of nonanal, and a 5.09% (95%
CI 9.24e0.95) change in FEV1 associated with 2-
furancarboxaldehyde. An IQR change in the indoor concentration
of 2-methyl-1,3-butadiene was associated with a 6.84% (95% CI
10.01 to 3.66) decline in FEV1/FVC.
For adults below the median age (17e38 years old), four VOCs
(decanal, nonanal, octanal and naphthalene) were signiﬁcantly
associated with declines in lung function (Table 7). As in children,
the largest effect was observed for an IQR change in nonanal, which
was associatedwith a 9.16% (95% CI 13.27e5.06) decline in FEV1 and
a 6.26% (95% CI 10.32e2.19) decline in FVC.
For adults above the median age (39e64 years old), 2-
furancarboxaldehyde, benzene, styrene and 2-methyl-1,3-
butadiene were signiﬁcantly associated with decreases in lung
function (Table 8). The largest change was an 8.51% (95% CI
11.96e5.05) decline in FEV1 and a 4.8% (95%CI 8.28e1.32) decline in
FVC, associated with an IQR change in the indoor concentration of
2-methyl-1,3-butadiene.ith an interquartile range change in VOC concentrations. Signiﬁcant differences are
FVC FEV1/FVC
0.19) 1.15 (4.79, 2.48) ¡2.32 (¡4.53, ¡0.11)
0.95) 0.13 (3.94, 4.2) ¡4.47 (¡6.95, ¡1.99)
0.76) 1.21 (2.61, 0.19) ¡1.65 (¡2.29, ¡1.01)
2.62) 4.82 (10.79, 1.16) 2.95 (6.74, 0.84)
0.13) 1.91 (5.4, 1.59) 1.5 (3.73, 0.73)
9) 1.17 (1.1, 3.45) ¡2.3 (¡3.7, ¡0.9)
8) 0.25 (2.29, 1.8) ¡1.62 (¡2.88, ¡0.37)
0.75) ¡0.89 (¡1.61, ¡0.14) ¡1.65 (¡2.21, ¡1.09)
2) 2.81 (2.44, 8.06) ¡6.84 (¡10.01, ¡3.66)
0.99 (2.22, 0.25) 0.3 (1.1, 0.51)
Table 7
Percent change in lung function (and 95% CI) in people 17 to 38 years of age associated with an interquartile range change in VOC concentrations. Signiﬁcant differences are
indicated in bold. n ¼ 816.
Group VOC FEV1 FVC FEV1/FVC
Aldehydes Decanal ¡5.03 (¡7.64, ¡2.42) ¡2.61 (¡5.19, ¡0.02) ¡2.18 (¡3.88, ¡0.47)
2-Furancarboxaldehyde 0.83 (3.45, 1.78) 0.49 (2.55, 3.53) 1.42 (3.07, 0.23)
Hexanal 1.6 (3.42, 0.22) 1.23 (3.23, 0.78) 0.87 (2.04, 0.29)
Nonanal ¡9.16 (¡13.27, ¡5.06) ¡6.26 (¡10.32, ¡2.19) 2.46 (5.01, 0.1)
Octanal ¡4.26 (¡6.74, ¡1.79) ¡2.68 (¡5.14, ¡0.23) 1.53 (3.17, 0.11)
Alkyl Benzenes Benzene 0.63 (2.28, 1.03) 0.74 (2.38, 0.91) 0.15 (1.11, 0.82)
Styrene 0.54 (2.03, 0.94) 0.01 (1.47, 1.48) 0.69 (1.56, 0.19)
Terpenes a-Pinene 0.74 (1.89, 0.41) 0.62 (1.74, 0.51) 0.42 (1.08, 0.25)
Miscellaneous 2-Methyl-1,3-butadiene 0.47 (4.83, 3.88) 1.62 (2.95, 6.19) 2.42 (5.17, 0.32)
Naphthalene ¡1.69 (¡2.64, ¡0.74) ¡1.46 (¡2.4, ¡0.52) 0.41 (1.11, 0.29)
Table 8
Percent change in lung function (and 95% CI) in people 39 to 64 years of age associated with an interquartile range change in VOC concentrations. Signiﬁcant differences are
indicated in bold. n ¼ 1005.
Group VOC FEV1 FVC FEV1/FVC
Aldehydes Decanal 1.82 (4.1, 0.46) 1.97 (3.99, 0.06) 0.16 (1.11, 1.42)
2-Furancarboxaldehyde ¡4.12 (¡7.05, ¡1.2) 2.06 (4.81, 0.69) ¡2.5 (¡4.04, ¡0.96)
Hexanal 1.95 (14.49, 18.38) 3.04 (16.34, 10.25) 4.99 (3.54, 13.52)
Nonanal 0.68 (4.56, 3.2) 1.98 (5.67, 1.71) 0.92 (1.23, 3.06)
Octanal 0.81 (3.28, 1.66) 1.86 (4.04, 0.32) 0.96 (0.4, 2.32)
Alkyl Benzenes Benzene 2.3 (4.62, 0.01) 1.21 (2.8, 0.39) ¡1.45 (¡2.44, ¡0.45)
Styrene ¡1.75 (¡3.27, ¡0.24) 1.34 (2.67, 0) 0.65 (1.42, 0.12)
Terpenes a-Pinene 2.49 (5.54, 10.52) 1.51 (5.67, 8.68) 1.33 (2.61, 5.27)
Miscellaneous 2-Methyl-1,3-butadiene ¡8.51 (¡11.96, ¡5.05) ¡4.8 (¡8.28, ¡1.32) ¡4.89 (¡6.78, ¡3)
Naphthalene 0.42 (0.83, 1.67) 0.15 (0.94, 1.25) 0.34 (0.29, 0.97)
S. Cakmak et al. / Environmental Pollution 194 (2014) 145e151 149These results contrast those observed in the elderly (over 64
years old). In this age group, lung function was signiﬁcantly asso-
ciated with only three VOCs (Table 9). Hexanal was associated with
a 6.97% (95% CI 9.1e8.4) decline in FEV1, a-pinenewith a 5.75% (95%
CI 9.36e2.14) decline in FEV1/FVC and 2-methyl-1,3-butadienewith
a 4.8% (95% CI 9.27e0.34) decline in FEV1/FVC.
4. Discussion
In this national population-based cross-sectional study, elevated
indoor air levels of ten VOCs were associated with signiﬁcant re-
ductions in measures of lung function. These include decanal, 2-
furancarboxaldehyde, hexanal, nonanal, octanal, benzene, styrene,
a-pinene, 2-methyl-1,2-butadiene and naphthalene. This effect was
observed in a study population that excluded exposure to cigarette
smoke, a strong determinant of both respiratory illness and expo-
sure to VOCs (Wallace, 2000).
Signiﬁcant reductions in lung function were observed in chil-
dren (under 17 years) for nine VOCs, while decrements in lung
function were associated with only three VOCs (hexanal, a-pinene
and 2-methyl-1,3-butadiene) in the elderly (>65 years). The resultsTable 9
Percent change in lung function (and 95% CI) in people over 64 years of age associated w
indicated in bold. n ¼ 509.
Group VOC FEV1
Aldehydes Decanal 1.24 (5.87, 3
2-Furancarboxaldehyde 2.75 (9.56, 4
Hexanal ¡6.97 (¡9.1, ¡4
Nonanal 2.54 (16.08,
Octanal 0.72 (4.96, 3
Alkyl Benzenes Benzene 1.18 (3.05, 5
Styrene 1.12 (3.75, 1
Terpenes a-Pinene 3.21 (11.19,
Miscellaneous 2-Methyl-1,3-butadiene 7.75 (17.14,
Naphthalene 0.06 (0.4, 0.5in the under 17 age group are supported by evidence from the
epidemiological literature that suggest an adverse effect of VOCs on
respiratory health in infants and children. Associations have been
reported between, benzene and styrene and an increased risk of
airway infections in six week old infants (Diez et al., 2000): Eth-
ylbenzene and toluene and doctor-diagnosed asthma (Rumchev
et al., 2004); and between the total indoor concentrations of 14
VOCs and the prevalence of asthma in school-aged children(Smedje
et al., 1997). A review of 21 epidemiological studies on the associ-
ations between residential chemical emissions and respiratory
health identiﬁed formaldehyde, plastic materials and recent
painting, all common sources of VOCs, as the most frequently
identiﬁed risk factors for respiratory health effects in children
(Mendell, 2007). In addition, using aerosolized household cleaning
agents has been associated with an increased incidence of asthma
symptoms over an average follow-up period of nine years (Zock
et al., 2007).
In the present study, males and females appeared to differ
somewhat with respect to which VOCs were associated with
reduced lung function. Both groups experienced signiﬁcant re-
ductions in lung function parameters with an IQR change inith an interquartile range change in VOC concentrations. Signiﬁcant differences are
FVC FEV1/FVC
.4) 1.4 (4.99, 2.2) 0.15 (3.07, 2.78)
.06) 0.73 (6.37, 4.91) 2.19 (5.06, 0.69)
.84) 2.42 (5.1, 9.94) 2.23 (7.86, 3.4)
11.01) 3.69 (14.89, 7.52) 1.4 (6.19, 8.99)
.52) 2.29 (5.79, 1.21) 1.9 (1.03, 4.84)
.4) 1.4 (2.51, 5.3) 0.06 (2.35, 2.47)
.51) 0.12 (2.05, 2.29) 1.24 (2.63, 0.15)
4.77) 4.77 (58.88, 68.42) ¡5.75 (¡9.36, ¡2.14)
1.64) 3.46 (11.24, 4.31) ¡4.8 (¡9.27, ¡0.34)
2) 0.02 (0.4, 0.36) 0.07 (0.19, 0.34)
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methyl-1,3-butadiene. For males, additional associations were
observed for octanal and nonanal, while for females associations
were observed with hexanal and naphthalene. However, the
conﬁdence intervals surrounding these point estimates over-
lapped indicating that there was no statistically signiﬁcant sex
difference. Different exposure to VOCs may occur by gender which
may not be well represented by a sampler situated in the main
living area. For example, personal care products may be in
stronger concentration in the bathroom. In a study using ques-
tionnaire and spirometry data from cycle 1 of the CHMS, greater
use of personal care products was found to be associated with
reductions in pulmonary function; the highest observed effect
was for an IQR increase in the frequency of use of scented body
products, which was associated with a 4.1% decrease in FVC in
females (Dales et al., 2013).
Changes in FEV1 and the ratio FEV1/FVC were more common
than changes in FVC, although this varied depending on the sub-
group analyzed and the VOC. Reductions in FEV1/FVC may indicate
mild airﬂow obstruction (Pellegrino et al., 2005). Although the
magnitude of effect is small it may be important when exposure to
VOCs is ubiquitous.
4.1. Determinants of VOC exposure
A source apportionment analysis for the VOCs in this CHMS-2
dataset was previously undertaken by Zhu et al. (2013). Seven of the
VOCs that we found to be associated with signiﬁcant reductions in
lung function (decanal, 2-furancarboxaldehyde, decanal, nonanal,
octanal, naphthalene and styrene) were located in a large mixed
group of 22 VOCs that could not be apportioned to a single source. Of
the others, hexanal and a-pinene grouped together in a factor
attributed to water-based cleaning products, while benzene was
located ina factorattributed togasolineandoil-basedsolvent sources.
Indoor VOC concentrations are highly dependent on point
sources in the home. A person's proximity to a particular point
source therefore greatly inﬂuences personal exposure. Cigarette
smoking, recently dry-cleaned clothes, and room deodorizers are
known to be major sources of VOCs (Toren and Hermansson, 1999).
Exhaled benzene has been shown to be ten times higher in smokers
than non-smokers (Wallace, 2000). Previous work by our group has
shown that, for homes in this CHMS-2 dataset where smoking was
reported to be taking place every or almost every day, BTEX com-
pounds (i.e., benzene, toluene, ethylbenzene and xylenes), styrene
and naphthalene were found in higher concentrations than in non-
smoking homes (Zhu et al., 2013). In this same dataset, smoking
was found to be the most signiﬁcant predictor of indoor VOC
concentrations derived from petroleum sources (e.g., benzene),
followed by the presence of an attached garage and model-making
activity in the preceding three months (Wheeler et al., 2013).
Other important determinants of VOC exposure include the age
and type of material. Wet paint and new carpets present much
higher exposures than do dry paint and old carpets (Hodgson et al.,
1993; Sparks et al., 1999). A study of newly built apartments found
wood panels and vinyl ﬂoor coverings to be important indoor VOC
sources (Shin and Jo, 2012). Nonanal, octanal, and hexanal are
known to be emitted by building materials including plywood and
other cabinetry materials (Hodgson et al., 2002). The type and
quantity of VOCs in the material, the surface area of the material,
and the depth of the VOCs within the material also inﬂuence VOC
off-gassing (Meininghaus et al., 2000). Some constructionmaterials
adsorb VOCs better than others depending on their composition
and porosity, and adsorption is inﬂuenced by temperature and
humidity. The ventilation rate, humidity and temperature of a
home also inﬂuence the levels of VOCs indoors; the complexinterplay of these factors continually affects the balance of indoor
and outdoor VOCs.
4.2. Limitations of the study
This study used indoor passive sampling in homes as a measure
of VOC exposure. The use of indoor passive samplers has been
found by others to provide results comparable to those from per-
sonal VOC monitors (Stocco et al., 2008). Exposure estimation is
expected to be more accurate among subjects who spend more
time at home, and more time in the main living area of the home.
The probability of false positive results was increased by comparing
47 VOCs. However, ﬁnding ten which were negatively associated
with all three measures of lung function (not all signiﬁcant) would
be greater than expected by chance alone. A priori evidence of as-
sociations between VOCs and various respiratory health outcomes
would also increase the probability that the present observations
are causal. It is possible that this observational study is confounded
by an unmeasured risk factors for respiratory impairment that is
also associated with the measured VOCs, such as nitrogen dioxide,
dust mites, mold, or formaldehydewhich could not bemeasured by
the sampling device used in the present study.
Although the decrements in lung function associated with IQR
changes in indoor VOC concentrations that we observed are small,
they are similar in magnitude to changes associated with ambient
air pollution, a signiﬁcant public health issue for cardiovascular
(Brook et al., 2004) and respiratory diseases (Mehta et al., 2013).
5. Conclusions and recommendations
VOCs are ubiquitous in the indoor environment and exposure to
VOCs indoors may have potentially important implications for
human health. The results of this study suggest that indoor resi-
dential exposure to VOCs may have adverse effects on respiratory
health, as indicated by the association between the levels of some
VOCs and decrements in lung function, particularly in the younger
age group (under 17 years). As noted above, follow-up studies to
assess effects in children and infants are warranted, and an evalu-
ation of the effects of chronic exposure to VOCs on lung function
should also be considered.
There is evidence that, in Canada, levels of VOCs in homes have
declined 2e5 times over the past two decades, with the exception
of styrene (Zhu et al., 2013). Despite this fact, we provide evidence
suggestive of an effect on respiratory function at current measured
indoor VOC concentrations. Fortunately, most VOC exposure arises
from indoor sources such as combustion sources, dry cleaning,
paints, glues, solvents, new building materials, personal care
products and room deodorizers, some of which can be controlled
by simple measures (Dales et al., 2008). For example, Room de-
odorizers and perfumes can also be easily avoided. Inﬁltration of
VOCs from attached garages can also be mitigated by refraining
from idling cars or other gas-powered equipment in attached ga-
rages. Finally, if it is not possible to remove some indoor point
sources, increasing the ventilation in the home may reduce the
concentrations of indoor generated VOCs by dilution with fresh air
from outdoors.
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